Isozyme 4 of rabbit liver microsomal cytochrome P-450 was shown earlier in this laboratory to contain multiple NH2-terminal residues, whereas isozymes 2, 3a, 3b, and 3c have single, unique NH2-terminal sequences. Similar results were obtained with isozyme 4 obtained from animals that were untreated, treated with phenobarbital (which does not induce this isozyme), or induced with f8-naphthoflavone or isosafrole. With the use of selective chemical blocking at seryl or at nonprolyl residues, the complexity of the NH2-terminal sequence has now been shown to be due to the presence of three forms of the cytochrome differing only in the absence of the first or the first two residues: NH2-Ala-Met-Ser-Pro-AlaAla-Pro-, NH2-Met-Ser.Pro-Ala-Ala-Pro-, and NH2-Ser-ProAla-Ala-Pro-. These forms may result from variable biological processing. Peptides containing the seven cysteine residues were sequenced and compared with similar peptides reported for other P-450 cytochromes; homology was extensive with respect to two of the cysteine regions in isozyme 4, and a third cysteine region showed partial identity. Following the demonstration by enzyme fractionation that liver microsomal cytochrome P-450 (cytochrome P-450LM) occurs as isozymes with distinct chemical, physical, and catalytic properties (1), this laboratory reported that phenobarbital-induced isozyme 2 and 5,6-benzoflavone-induced isozyme 4 of rabbit cytochrome P-450LM (cytochromes P-45OLM2
Following the demonstration by enzyme fractionation that liver microsomal cytochrome P-450 (cytochrome P-450LM) occurs as isozymes with distinct chemical, physical, and catalytic properties (1) , this laboratory reported that phenobarbital-induced isozyme 2 and 5,6-benzoflavone-induced isozyme 4 of rabbit cytochrome P-450LM (cytochromes P-45OLM2 and P-45OLM4, respectively) differ in amino acid composition and COOH-terminal amino acid residues (2) . Isozyme 2 has a single NH2-terminal amino acid sequence highly similar to the "signal peptides" ordinarily removed from preproteins during biological processing (3); the complete sequence was subsequently determined (4) (5) (6) (7) . Isozymes 3a, 3b, and 3c also have unique NH2-terminal sequences (8) . In contrast, multiple NH2-terminal residues were found with isozyme 4, including alanine, methionine, and serine, and it was suggested that the preparation might either have contained a mixture of cytochromes or undergone proteolysis at the NH2 terminus (3) . The latter explanation was favored by evidence for homogeneity obtained by electrophoretic, immunochemical, and peptide mapping procedures and by the apparent identity of preparations from animals either untreated or treated with phenobarbital, 5,6-benzoflavone, or isosafrole.
In the present paper, evidence is provided that the variable NH2 terminus results from the partial loss of the first and second residues of the protein. In addition, the cysteinecontaining peptides have been identified and compared with similar peptides from other P-450 cytochromes. With most of the protein sequenced, a close similarity is evident between the structure of isozytne 4 and that recently deduced for rat liver cytochrome P-450d from cloned cDNA (9) .
MATERIALS AND METHODS Materials. Cytochrome P-450 isozyme 4 was purified to electrophoretic homogeneity from liver microsomes of male New Zealand White rabbits treated with isosafrole (2, 8) . Acetyl chloride, CNBr, unsym-dimethylethylenediamine, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide, CF3COOH, and 4-vinylpyridine were obtained from Aldrich; o-phthalaldehyde (OPA) was from Sigma; hexafluoroacetone sesquihydrate was from PCR Research Chemicals (Gainesville, FL); and 5,5'-dithiobis(2-nitrobenzoate) and 2-(2-nitrophenylsulfenyl)-3-methyl-3-bromoindolenine (BNP$-skatole)
were from Pierce. Endoproteinase Lys-C was from Boehringer Mannheim, and Staphylococcus aureus V8 protease was from Miles. All HPLC solvents were obtained from Burdick and Jackson (Muskegon, MI).
S-Pyridylethylation of Cysteine. A solution of the protein in 0.1 M potassium phosphate buffer (pH 7.4) was made 6 M in guanidine hydrochloride by the addition of 1 g of the solid per ml of solution. Five equivalents of dithiothreitol were added per cysteine residue, and the solution was allowed to stand for 4 hr at 220C. Total thiols were alkylated with 1.5 equivalents of 4-vinylpyridine overnight (10) . Excess reagents were removed by dialysis against 10 mM phosphate buffer (pH 7.4) or by 1:3 dilution of the reaction mixture and precipitation of the protein with 50% acetone.
Protein Cleavage. The digestion of native protein by endoproteinase Lys-C (6) was quenched by the addition of guanidine hydrochloride to a final concentration of 6 M, followed by the S-pyridylethylation of cysteinyl residues as described above. Pyridylethylated protein was submitted to limited acid cleavage in aqueous 0.1% CF3COOH at 1000C (6) or to CNBr cleavage in 70% HCOOH followed by boiling in 0.1% CF3COOH for 30 min to promote cleavage at homoserine (11) . In one instance a peptide from the CNBr cleavage was then digested With S. aureus protease (12) . Cleavage at tryptophan by BNPS-skatole (13) was performed on pyridylethylated protein that was also carboxyl-blocked as follows: to the protein dissolved in 4 vol of hexafluoroacetone sesquihydrate, 2 vol of 4 M dimethylethylenediammonium chloride (pH 4) and 1 vol of this buffer saturated with ethyldimethylaminopropyl carbodiimide were added. After 2 hr at 220C, the reaction mixture was acidified with 1 vol of 88% formic Abbreviations: cytochrome P-45OLM, liver microsomal cytochrome P-450; OPA, o-phthalaldehyde; BNPS-skatole, 2-(2-nitrophenylsulfenyl)-3-methyl-3-bromoindolenine.
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acid, diluted 1:3 with aqueous 0.1% CF3COOH, and submitted to reversed-phase HPLC to remove excess reagents.
Peptide Purification. Reversed-phase HPLC was used to separate the peptides in the cleavage mixtures. A Beckman 340 system equipped with a model 165 variable-wavelength detector was used to facilitate identification of cysteine-containing peptides (6) . The standard mobile phase was water vs. CH3CN/2-propanol, 3:1 (vol/vol), with 0.1% CF3COOH present throughout (14) . A flow rate of 0.5 ml/min and a gradient rate of 1%/ml were generally used. Columns used for the initial fractionation of the mixtures were Beckman Ultrapore RPSC C3 (5 Am, 4 .6 x 75 mm), Brownlee RP-300 (10 Am, 4 .6 x 250 mm), Vydac C18 (5 Am, 4 .5 x 250 mm), or Waters ,uBondapak CN (10 Aim, 3 .9 x 300 mm). Rechromatography of the collected fractions was with a Waters ABondapak phenyl column (10 pm, 3.9 x 250 mm) or an Ultrapore RPSC column.
Sequence Analysis. Peptides were sequenced manually (15); effective sequencing of carboxyl-modified peptides required the addition of 10 Mg of Ponceau S (a tetrasulfonic acid) to 20 pug of the usual carrier (Polybrene) and incubation for 2 min at 50'C with methanol after cleavage and drying in order to convert anilinothiazolinones to the more easily extracted phenylthiocarbamyl amino acid methyl esters. An extended NH2-terminal sequence analysis of isozyme 4 was done by the usual procedure except that cleavage was performed at 22°C for 2 min during cycles 2 and 3 and at 50°C for 10 min on cycle 4. Phenylthiohydantoin amino acids were identified and quantified as reported earlier (16) . Analysis of sequence results was aided by various computer programs (6) . ,ul of 0.1 M borate buffer, and 50 ,ul of absolute methanol. After incubation at 22°C for 30 min, the reagents were removed by decantation. One "pseudocycle" of Edman degradation with the coupling step omitted removed residual OPA reagent, and sequence analysis was continued in the usual manner. The isoindole thioether blocking group (17) was stable to the extreme acid-base conditions of the manual Edman degradation, in agreement with results from solid phase (18) and Sequenator analysis (19) . Selective blocking of NH2-terminal seryl residues was performed by O-acetylation of the hydroxyl group under acidic conditions, followed by the use of alkaline conditions to bring about an O-to-N shift of the acetyl group (20, 21) . M-l cm-l for AE412 was used to quantify the number of cysteines modified (22) .
RESULTS AND DISCUSSION
NH2-Terminal Sequence. In view of the multiple NH2-terminal residues reported for isozyme 4 (3), the possibility was investigated that the preparation might consist of several proteins and, therefore, that various sources might yield cytochromes in relatively different amounts. However, isozyme 4 isolated from rabbits that had been treated with isosafrole, phenobarbital, or 5,6-benzoflavone or had no treatment were identical as judged by NaDodSO4/PAGE, Ouchterlony double-diffusion studies, reversed-phase HPLC tryptic maps, and electrophoretic maps of peptides generated by S. aureus protease, chymotrypsin, or papain. Furthermore, NH2-terminal sequences were determined for preparations of isozyme 4 from pooled livers of outbred rabbits and from single livers of three strains of inbred rabbits (IIIVO/J, ACEP/J, and B/J from The Jackson Laboratory), all untreated or treated with isosafrole or phenobarbital, and from a single liver of an outbred rabbit treated with isosafrole. The results consistently showed alanine, methionine, and serine on the first cycle of Edman degradation with similar alanine/methionine ratios. Yields of phenylthiohydantoin-serine varied according to the extent of dehydration during manual sequence analysis, so quantitative comparisons could not be made with this residue. The second cycle consistently showed methionine, serine, and proline.
The occurrence of serine and proline in the first two cycles permitted selective chemical blocking to unravel the sequence of the NH2 terminus as indicated in Table 1 . After one cycle of Edman degradation, OPA was used to block all peptides but those with NH2-terminal prolyl residues, and a single amino acid sequence following the proline on cycle 2 was clearly established. The sequences following the proline on cycles 3 and 4 were determined in an analogous manner. These sequences were identical, suggesting that the complexity of the NH2-terminal sequence was due to a mixture of the n, n -1, and n -2 forms of the protein. However, this technique could not establish the sequence preceding the proline residue. In another set of experiments, NH2-terminal seryl peptides were specifically blocked by acetylation. The 0-to-N shift of the acetyl group occurred much less rapidly than expected (21) , and elimination of the incubation step left the amino group of the serine unacetylated. Thus, when O-acetyl seryl residues became NH2-terminal during sequence analysis, blocking was optional. N-Acetylation of the serine on cycle 1 eliminated only proline from cycle 2, which established that the NH2-terminal serine must be followed uniquely by proline and that the proline on cycle 2 must be preceded uniquely by serine. The residues following this proline had already been established by OPA-blocking, and the entire sequence beginning with serine was confirmed in a peptide isolated from the endoproteinase Lys-C digest. Further analysis of the sample blocked at serine showed that the other two sequences were identical except for an apparent offset of one residue. This offset was confirmed after serine on cycles 1 and 2 was blocked. Methionine was the only residue to appear on cycle 2, which permitted subsequent residues to be determined unambiguously. These results account for all of the residues observed during NH2-terminal sequence analysis of the intact cytochrome.
The presence of n and n -1 forms of the NH2 terminus has been found for rat cytochrome P-450b (23), rabbit isozyme 3b (24) , and porcine adrenocortical cytochrome P-450 21-hydroxylase (25 Sequences deduced for the processed forms of the NH2 terminus of isozyme 4 are designated at the top of the table by n, n -1, and n -2. In the experimental data, INTACT refers to unblocked protein. OPA 1, 2, and 3 refer to protein blocked with OPA after 1, 2, and 3 cycles of manual Edman degradation, respectively. SER 1 refers to protein blocked at serine at cycle 1 and SER 2 to protein blocked at cycles 1 and 2. LYS-C is the peptide purified from digestion of the protein with endoproteinase Lys-C, and PHASE refers to unblocked protein brought into phase at proline with mild acid cleavages on cycles 2 and 3. X, unidentified residue. first 19 amino acids to be determined, the background from nonspecific chain cleavage of the whole protein obscured the contribution from the one processed form being sequenced. To improve the yields over the background, the processed forms were brought into phase and degraded together. It is well known that phenylthiocarbamyl-Pro-X bonds are slow to cleave (26); phenylthiocarbamyl-Ser-Pro and phenylthiocarbamyl-Met-Ser were cleaved to completion with anhydrous CF3COOH within 2 min at 220C with no appreciable cleavage of phenylthiocarbamyl-Pro-Ala. With these mild conditions on cycles 2 and 3, the phenylthiocarbamyl-prolyl residues were left intact on the peptide chain until the proline on cycle 4 of the n form was coupled and the sequences of all processed forms were aligned as shown in Table 1 . Thus, the sequence could be determined for at least an additional 24 cycles, sufficient to overlap a peptide cleaved at tryptophan.
The yields of phenylthiohydantoin-serine and phenylthiohydantoin-methionine were higher with the gentler cleavage conditions (Table 1 , PHASE experiment), and cleavage/extraction with gentle and then rigorous conditions gave the most quantitative results for acid-labile residues while insuring that the peptide remained in phase. So far we have done this only in special cases, because the postcleavage methanol treatment described for COOH-modified peptides has been adopted as a general technique and gives much improved yields of phenylthiohydantoin-serine and threonine.
Two of the methods adapted to determine the NH-terminal sequence of isozyme 4 were originally aimed at reducing.
the background, although use of OPA for analysis of peptide mixtures has been suggested (18) . O-Acetylation of hydroxylamino acids to prevent the N-to-O shift that occurs during the cleavage step of the Edman degradation (21) was unsatisfactory because the conditions used for spinning-cup sequenators caused NH2-terminal serine and threonine residues to be blocked. For our purposes, blocking was an advantage and was easily controlled in combination with manual sequence methods. Mild cleavage conditions to bring NH2-terminal proline residues into phase was a novel application of known Edman chemistry. These approaches should be useful in the study of other proteins with processed NH2-termini and for the sequence analysis of peptide mixtures that may be difficult to fractionate because of similarities in their amino acid sequences, including mixtures of partial cleavage products that differ only in length at the NH2 terminus. Cysteinyl Peptides. The total number of cysteine residues present in isozyme 4 was determined to be seven by amino acid analysis, in agreement with earlier results (2) , and with the use of 5,5'-dithiobis(2-nitrobenzoate). The equivalence of these values indicated the absence of disulfide bridges, as also found for isozyme 2 (6) . Sequence analysis of the NH2 terminus of the entire protein revealed the first cysteine residue, and further information on the carboxyl side of this residue was obtained with a peptide cleaved at tryptophan. A limited endoproteinase Lys-C digest provided peptides with four cysteine residues, while acid cleavage and CNBr cleavage gave the remaining two. The results are shown in Fig. 1 . In view of the possibility that a highly conserved cysteine residue might be the source of the ligand to the heme iron atom, homology of these peptides with other known P450 sequences was assessed, with results as shown in Fig. 2 . Two of the peptides show a high degree of similarity to the two highly conserved cysteine peptides reported for other P-450 cytochromes (6, 7, 27, 28)-cysteine-152 and cysteine-436 in isozymes 2 and b, with the third exhibiting partial identity. The peptide containing cysteine-152 is favored by this laboratory to provide the fifth ligand to the heme (6) . However, the most striking homology is seen in the align- ment with the peptide containing cysteine-436, which has been favored by others (7, 28 ). An alternative explanation for this conservation of residues is that this region binds NADPH-cytochrome P-450 reductase.
Additional Sequence Information and Comparisons. Rabbit cytochrome P-450 isozyme 4 and rat cytochrome P-450d, the major isozymes induced by isosafrole (29) (30) (31) , exist largely in the high-spin state and are similar in size as determined by calibrated NaDodSO4/PAGE. On the assumption that the two proteins have the same number of residues, -70%6 of the primary structure of isozyme 4 has been determined. An alignment of the corresponding regions of these cytochromes is given in Fig. 3 . Of these residues, 70% are identical and 25% are related by possible point mutations. However, the NH2-terminal region of isozyme 4 shows very little homology to that of cytochrome P-450d. The distinctiveness of this region in P-450 cytochromes (8, 25, 32) is not necessarily indicative of overall structural relatedness. As in other P-450 cytochromes, isozyme 4 contains a hydrophobic region near the NH2 terminus, followed by a cluster of charged amino acids characteristic of halt-transfer signals for membrane insertion (33) . Furthermore, the known sequence of isozyme 4
FSjLT CS I I C CL TIFG P-45OLM4 P-450d appears to follow a natural alignment with isozyme 2, as shown by the examples in Fig. 4 . Stretches of hydrophobic residues occupy corresponding positions, the proline cluster near the NH2 terminus (6) is present, and the highly accessi- (24) .
ble Lys-C cleavage site (34) is also found. All of these findings indicate that P-45OLM proteins are related in sequence and, therefore, presumably in tertiary structure.
